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ABSTRACT
In this document a deep study of the trajectory of a weather balloon is developed.
Making use of a simulator coded in Matlab, it will be possible to predict the flight path
prior launch.
The starting point is a pre-existing code which assumes that the properties inside the
balloon are the same as in the outside; the first part of the project focuses on integrating
the formulas needed to compute the temperature and pressure inside, together with the
appropriate radius evolution.
The simulator will make use of an external data supplier, NOAA, which will provide
the wind data based on predictions.
The second part of the project is devoted to make an experimental launch: once the
system has been recovered and the data measured has been analyzed, a comparison be-
tween the simulator and the data obtained from the experiment can be done. The real
trajectory of the balloon will be reconstructed from the data measured by the GPS.
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1. INTRODUCTION
The first successful attempts to fly made by human beings were based on balloons;
however, their initial purpose was eclipsed by the emergence and later development of
aircraft. This event pushed the use of balloons into another direction, more scientific, that
has been refined and improved since then. Also, recreational use has been always present
in ballooning.
The idea to use a lighter than air gas in order to rise into the air started to be developed
in 1764, by Jospeh Black, who demonstrated that a balloon filled with only hydrogen
will rise (during the following two years, Henry Cavendish and Tiberius Cavallo joined
to the Black’s work). After that, more people began working and designing hydrogen
balloons: i.e. the first hydrogen-filled balloon in the history was launched on August
27, 1783 in Paris, by Jacques Charles and the Robert brothers, and a few days later, the
Montgolfier brothers were able to design the first manned balloon. Two years later, in
1785, two important events happenned: Jean-Pierre Blanchard flew across the English
Channel (adding control to the balloon), and the town of Tullamore (Ireland) suffered
what is considered the first disaster in aviation: a hot air balloon snagged on a chimney
while taking-off, which made it crash into several houses and start a fire that burned part
of the town.
The next century, in 1852, Henri Giffard flew the first steerable balloon (also known
as blimp or dirigible), powered by a steam engine. Even though they were slow, their
popularity grew, and was significant enough to compete with ships in the transportation
field during the Second World War. However, on May 6, 1937, the airship LZ 129 Hiden-
burg caught fire, and 35 people died in the accident; the repercussion was so high that the
presence of balloons for transportation vanished.
In the military field, the use of balloons was important during the Second World War,
but they were gradually replaced by aircraft; although balloons were still used for obser-
vation. Nowadays, the use of balloons has focussed mainly in recreational transportation,
advertising and scientific research.
In the last few years drones have substituted balloons in some applications at low
altitudes that need a really precise control, but there are still a lot of projects and appli-
cations in which scientific balloons are essential, such as near space experiments. Thus,
understanding the physics and all the elements that take place in the flight of balloons
may help in optimizing everything involved in the launches (trajectory prediction, launch
platform, tracing system, and so on), which means a reduction in costs and, consequently,
an increase in the number of applications.
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1.1. Motivation
As stated before, there are some applications in which balloons are necessary; the
most interesting one (and probably the most ambitious) is near space experimentation.
Even though this kind of experiments can be performed by sending the equipment to
the International Space Station, if the budget is a leading issue, the possibility of doing
them with a weather balloon based system becomes the best alternative. The topic of the
budget will be discussed later in this document, but as a first approach, the total cost of
materials of the project is around 600 e. Only with the addition of a platform including
everything needed to perform the experiment and an altitude controller (super-pressure), a
full operational system could be achieved. Finally, in the case of a substantial increase in
the altitude and/or the duration of the mission, a system based on fleet of balloons might
be implemented.
One of the most relevant application that is currently in development is Googles’s
Project Loon, whose purpose is to provide internet connection where there is lack of
satellite reception. Moreover, NASA has several projects that use high altitude balloons:
SuperTIGER Balloon, BETTII and Eclipse Balloon (all of them will be seen in more
details in the section State of art).
Another use of balloons is the monitoring of air pollution: the study made by James
A. Armstrong, Philip A. Russell, Leslie E. Sparks and Dennis C. Drehmel [2] showed that
tethered balloons can be used to sample the air very accurately. This method is particularly
useful because of the high movility: sampling can be performed at different altitude levels
and locations (near the source), and for long periods of time. Although nowadays it is not
the most popular technique, it might be a good alternative in the future.
Nevertheless, despite all the studies and promising projects involving weather bal-
loons, the most important use is meteorological data acquisition (temperature, humidity,
wind, etc.). This information is crucial for many companies, even the governments, and
the majority of suppliers make use of high altitude balloons due to the simplicity and
affordability of the launch.
1.2. State of art
In this section, the most important current projects in which balloons play the main
role are going to be explained:
1.2.1. Google’s Project Loon
[3] Its purpose is to provide internet connection wherever it cannot be achieved with
satellite connection, making use of a fleet of weather balloons that floats at altitudes of
approximately 20km; the layers with different predictable wind directions of the strato-
2
sphere, together with low velocities, make such altitudes ideal for this aim. The idea is to
first determine where the balloon will be placed, and then put it in the altitude in which
the wind will move the balloon where it is needed. The electronics are fed by solar panels
(batteries are also included to ensure the contituous function), and the balloons incor-
porate a recovery system in order to facilitate their replacement once their useful life is
over.
Fig. 1.1. Balloon of the project Loon
1.2.2. SuperTIGER Balloon
[8] It stands for Super Trans-Iron Galactic Element Recorder Balloon, and its goal is to
collect information on cosmic rays (high-energy particles) from beyond the solar system.
The balloon was launched in Antartica, and it has the record of longest flight of heavy-lift
scientific balloons, with a duration of 55 days, and at an altitude close to 40km. Super-
TIGER was designed in order to look for the most uncommon elements, those with heavy
nuclei: the ultra-heavy cosmic ray. The SuperTIGER is able to detect the cosmic rays
more accurately than any other ground detector, since it floats over 99% of the atmo-
sphere, much closer to the colision of the cosmic ray with the atmospheric gas, so most of
the losses due to the interaction of the particles cascade with the surroundings is avoided.
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Fig. 1.2. SuperTIGER Balloon, in Antartica
1.2.3. Eclipse Balloon
[9] In order to have a wide record of the last solar eclipse (August 21, 2017), NASA
launched a collaboration project with students across the United States. Besides the op-
portunity of the students to get used to the scientific method and astrobiology, there was
a deeper objective for NASA: study the effect of Mars-like conditions on life. The Mars
atmosphere is thinner and cooler than Earth’s, and with more radiation, so the upper part
of the stratosphere during a solar eclipse resembles the condition of Mars atmosphere.
NASA provided each team with a pair of small metallic cards with bacteria dried
on the surface; one would fly with the balloon while the remaining one would stay on the
ground. After the flight, both cards were compared to see the consequences in the bacteria
of being exposed to Mars-like environment.
1.2.4. BETTII
[7] It stands for Balloon Experimental Twin Telescope for Infrared Interferometry, and
it is a balloon-borne far-infrared interferometer. It combines an 8-meter baseline with
a double-Fourier Michelson interferometer, which allows the obtainment of both spa-
tial and spectral information at the same time. The main characteristic of BETTII that
highlights over single aperture telescopes (these have been the preferred option to make
far-infrared, FIR, astronomy observations) is the increase in angular resolution without
needing a higher aperture size. This technique has been improved and refined since the
first prototypes were designed, and it seems that will it be essential in the future of space
observation, which makes high altitude balloons a key factor in this field.
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Fig. 1.3. Scheme (a) and prototype (b) of BETTII
1.3. Objectives
The main goal of this project is to compare the results of a real launch with those
predicted with a numerical simulator coded in Matlab. The part of the simulator will have
two phases: depuration and refinement of an existing code that makes some simplifica-
tions in terms of temperature and material evolution, and the incorporation of physical
laws to the same code in order to properly determine those variables. The experimental
results will be compared to both phases of the simulator, so that the improvement of the
model can be appreciated.
Afterwards, the simulator will be revised in order to find the possible sources of error
so that the prediction of the trajectory of a second launch (that will be done if the time
allows us to do it) is closer to reality. It is important to take into account that the simu-
lator is based on wind predictions supplied by an external source, which will introduce
uncontrolled uncertainty in the system.
Once the experimental and optimization process have been performed, the posibility
of including control to the balloon will be explored:
• In terms of the experiment, the means of obtaining the control, and what modifica-
tions must be done to the actual system.
• In terms of the simulation, see if the model fits with a super-pressure balloon, and
in the case it does not, how to implement the control in the code.
Although this project does not go further, it will provide enough knowledge about
balloon science to understand and detect what are the key parameters in a flight, and
depending on the mission, how to optimize the system.
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1.4. Future applications
This project is just the beginning of what should end up in a complete system based
on a super-pressure balloon. Apart from all the current uses mentioned before in this doc-
ument, there are two applications that could benefit from high altitude balloons: wildfire
detection and border control.
1.4.1. Wildfire detection
Nowadays no wildfire detection system exists but those based on visual detection,
which usually issue an alert too late to really avoid severe losses. In Spain, around 96%
of them are provoked by the human being. However, decreasing that percentage to values
close to zero will be only possible in a far future.
It is possible to reduce the time response to a wildfire by making use of several high
altitude balloons positioned in areas that are more prone to start a fire. With the proper
equipment (temperature and humidity sensors, infrared cameras...), the balloons could be
able to warn before the fire has gone out of control, saving not only flora and fauna, but
also money in damage reparation (mainly reforestation).
1.4.2. Border control
Another possbile application is the border control in the sea. Due to its geographic lo-
cation, most of the drug trafficking in Spain comes from the sea: Galician coast, Mediter-
ranean coast and Strait of Gibraltar.
The Spanish border control has a fleet of ships that patrol the seas, but they cannot
cover the whole coast. Besides they also use unmanned helicopters and drones equipped
with infrared and high quality cameras, but these devices do not fly for long periods of
time. If some of them are substitued by balloons with some kind of horizontal control, the
most critical areas could be in full-time surveillance (in normal conditions, super-pressure
balloons can float during months).
1.5. Time planning
The main tasks developed through this project were: research and study of the bibliog-
raphy, refinement of the Matlab simulator, addition of temperature and material evolution
to the Matlab simulator, Arduino coding of the electronics, assembly of the electronics,
assembly of the payload, tests, execution of the experiment and writing of the thesis.
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TABLE 1.1. TIME PLANNING
Task Estimated working hours
Research 84
Simulator refinement 24
Simulator improve 84
Arduino coding 72
Electronics assembly 12
Payload assembly 24
Tests 48
Experiment 36
Writing 100
Total 484
1.5.1. Engineer salary
According to the last regulation about the salary of newly graduated engineers [19],
a rough estimation of the payment for doing this project can be made: being the salary
1687.02 e/month, with 4 weeks per month and assuming 40 working hours per week, the
salary per hour would be 10.54 e/h approximately. Taking into account the amount of
hours dedicated to the project, which are about 484 h, the corresponding payment would
be 5101.36 e.
1.6. Budget
This section is devoted to show the estimated cost of the project. As it has been
mentioned before in this chapter (in the Methodology), this is a very important issue
because the lower is the amount of money needed to perform the experiment, the easier
will be to take advantage of it in terms of affordability.
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TABLE 1.2. COST OF THE MATERIALS
Object Quantity Price per unit [e/unit] Total price [e]
ELECTRONICS
Arduino UNO R3 2 9.99 19.98
Adafruit GPS 1 51.74 51.74
NTX2B (434.650 MHz) 1 31 31
Resistor 4 0.05 0.20
SD card (2 GB) 2 3 6
Buzzer 1 7.99 7.99
Battery module 2 6.10 12.20
Cables 1 10.59 10.59
SD card reader (Arduino) 1 1.99 1.99
MinIMU-9 v5 1 13.50 13.50
DHT22 Sensor 1 9.05 9.05
Coaxial cable 1 14.08 14.08
Antenna cable 1 5.99 5.99
OTHERS
Balloon (600 g) 2 50.96 101.92
Sport camera 3 20.99 62.97
Mini A8 GPS tracker 1 8.94 8.94
SIM card 1 20 20
Helium tank 1 40 40
Power bank 3 11.92 35.76
Batteries (20 per box) 2 9.78 19.56
Ground antenna 1 71.40 71.40
Parachute 1 7.99 7.99
Carabiner 1 3.90 3.90
Rope (50 m) 1 19.99 19.99
Belts 1 9.30 9.30
Total budget 586.04 e
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2. REGULATIONS
Before the launch, there are some requirements according to regulations, established
in Europe by the Civil Aviation Authority [13] [14] in the part of unmanned free balloons,
that must be fulfilled. The most important for this project are mainly related to: classifica-
tion, operating rules, limitations and equipment, termination, flight notification, position
recording and super-pressure balloons.
2.1. Classification of unmanned free balloons
Unmanned free balloons are classified as:
a) Light: payload of one or more packages with a combined mass of less than 4 kg.
b) Medium: payload of two or more packages with a combined mass between 4 kg and
6 kg.
c) Heavy: payload which:
• has a combined mass of 6 kg or more; or
• includes a package of 3 kg or more; or
• includes a package of 2 kg or more with an area density of more than 13 g per
square centimetre, determined by dividing the total mass in grams of the payload
package by the area in cm2 of its smallest surface; or
• uses a rope or other device for suspension of the payload that requires an impact
force of 230 N or more to separate the suspended payload from the balloon.
2.2. General operating rules
1. Any balloon must not be operated without authorization from the State from which
the launch is made and the States it crosses during the mission.
2. The authorization mentioned in the previous paragraph has to be obtained prior to
the launch.
3. Any balloon must include the necessary means in order to avoid damage of any of
its components when they impact on the earth.
4. A heavy balloon flying over the seas must be operated with coordination with the
ANSP(s).
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2.3. Operating limitations and equipment requirements
1. A heavy balloon must not be operated without authorization at or below 18000 m
altitude if the visibility is low (due to clouds or any other darking phenomena).
2. A heavy or medium balloon must not fly at heights below 300 m over any congested
area.
3. A heavy balloon must not be operated unless:
a) it includes at least two payload flight-termination devices, no matter if they are
automatic or telecommanded, that can work independently of each other;
b) the balloon’s envelope is equipped with either a radar reflective device or mate-
rial that will allow the continuous tracking from a ground radar.
4. A heavy balloon must not be operated under the following conditions:
a) in an area where ground-based SSR equipment is used, unless it contains a sec-
ondary surveillance radar transponder; or
b) in an area where ground-based ADS-B equipment is used, unless it contains an
ADS-B transmitter.
5. A heavy balloon must not fly below 18000 m altitude at night unless the balloon
and its parachute (if any) are equipped with a light of any kind.
2.4. Termination
A heavy balloon must get its termination devices activated:
a) when weather conditions are diverge enough from the ones expected;
b) if the prolongation of the mission will be hazardous to air traffic or ground; or
c) if it will cross an unauthorised State.
2.5. Flight notification
1. Pre-flight Notification.
1.1. Early notification of the flight of any medium or heavy balloon must be notifi-
cated at east seven days before the launch.
1.2. Notification of the flight must include such the following information:
a) balloon flight identification if medium or heavy balloon;
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b) balloon classification and description;
c) SSR code if heavy balloon;
d) operator’s name and telephone number;
e) launch site;
f) estimated time of launch;
g) number of balloons to be launched and schedule (if more than one is launched);
h) expected direction of ascent;
i) cruising level(s) (pressure-altitude);
j) estimated elapsed time to reach 18000 m pressure-altitude, together with
the approximate location;
k) estimated date and time of termination of the flight and the planned location
of the impact on the ground.
1.3. Any changes in the pre-launch information must be notified not less than 6
hours before the estimated time of launch.
2. Notification of Launch.
2.1. After a medium or heavy balloon is launched, the operator must inform of:
a) balloon flight identification;
b) launch site;
c) actual time of launch;
d) estimated elapsed time to reach 18000 m pressure-altitude, together with
the approximate location;; and
e) any changes to the information previously notified.
3. Notification of Cancellation.
3.1. The operator must notify the appropriate ATS as soon as he or she knows that
the flight of a medium or heavy balloon has been cancelled.
2.6. Position recording and reports
1. The operator of a heavy balloon flying at or below 18000 m altitude must monitor
its path and reports its position every 2 hours.
2. The operator of a heavy balloon flying above 18000 m altitude must monitor its
path and reports its position every 24 hours.
3. In the case that a position cannot be recorded, the operator must immediately notify
the appropriate ATS the last recorded position and when the tracking has returned
to normal.
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4. The operator of a heavy balloon must inform one hour before the descent of:
a) the current geographical position;
b) the current altitude;
c) the forecast time of crossing 18000 m of altitude (in the case that it will happen);
d) the forecast time and location of ground impact.
5. The operator of a heavy or medium balloon must notify when the operation has
finished.
2.7. Operating limitations and equipment requirements for super-pressure
balloons
Super-pressure balloons do not require flight termination devices.
12
3. METHODOLOGY
The project is mainly divided into two parts. One is related with the implementation
of the material and temperature evolution in a Matlab code, and the other one is devoted
to the launch of a balloon to compare the results with the predictions made with the
simulator.
3.1. Simulator
In order to simulate the flight trajectory of the balloon in an accurate way, it is nec-
essary to implement some fundamental equations (i.g. buoyancy force and radial heat
diffusion) in a Matlab code. This code will take as initial conditions: the weight of the
payload, the parameters of the balloon (lifting gas quantity, enclosed volume and total
weight inlcuding the latex film and the inner gas), and the location and atmospheric pa-
rameters (temperature and pressure) of the launch. Afterwards, the code will make use of
some equations as the usual mathematical model: take some inputs, such as the altitude
(temperature and pressure), to compute some outputs, such as the velocity in the 3 axis
and the increase in volume inside the balloon.
The starting point is an existing code which already includes the first two parts: dy-
namic equations and wind data; although it is not the aim of the project, they will be
briefly explained so that the basis is also present. This code is rough in the automation as-
pect, so the first modification will be related to automate the wind data gathering process.
Furthermore, some simplifications regarding the temperature evolution will be modified
to improve the model; another correction will be the exact calculation of the burst point,
which the code is currently unable to predict.
3.1.1. Dynamic equations
The first step is to define an appropriate coordinate system [1], which is the one
depicted in Figure 3.1. Afterwards, the forces acting on a balloon can be determined:
drag (parallel to the wind, ~ew), lateral (perpendicular to the wind, ~ep) and free-lift (it is the
result of substracting the buoyancy force and the weight of the balloon):
~FD =
1
2
ρS | ~vw − ~vb|2CD ~ew (3.1)
~FY =
1
2
ρS | ~vw − ~vb|2CY ~ep (3.2)
~F f l = (ρaVb − mt) g ~k (3.3)
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Fig. 3.1. Coordinate system
Regarding S in Eqs 3.1 & 3.2, it represents the reference area, which can be arbitrarily
chosen. In the simulator, the reference area will be assumed as half of the external area
of a sphere with the same volume as the balloon (S = 2piR2). And with respect to the
velocities, ~vw denotes the wind velocity and ~vb the velocity of the balloon (both of them
are vectors with the 3 components corresponding to the axis of the coordinate system in
Figure 3.1).
At this point, the angles that relate the velocity of the balloon and the absolute velocity
can be defined as: α, the angle between the relative velocity ( ~vw− ~vb) and the z-axis; and ϕ,
the angle between the projection of the relative velocity onto the xy plane and the x-axis.
With these angles, the three components of the aerodynamic forces acting on the balloon
can be determined:
~Fx = (FDsin α + FYcos α) cos ϕ~i (3.4)
~Fy = (FDsin α + FYcos α) sin ϕ ~j (3.5)
~Fz = −FDcos α + FY sin α ~k (3.6)
The first assumption comes from the shape: the balloon will be considered as a perfect
sphere that only deforms by augmenting the radius (and thus reducing the envelope thick-
ness). The first implication of this assumption is thatCY = 0, so FY = 0 as well. The other
direct implication regards CD, although it is not as simple as for the lateral coefficient.
The drag coefficient of a perfect sphere is mainly a function of two parameters: the
Reynolds number, Re = ρaRvz/µ, and the free-stream turbulence intensity (Tu, in %),
which is the ratio of the standard deviation of the incident air velocity fluctuations to the
mean incident air velocity.
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Fig. 3.2. Drag coefficient of a sphere as a function of Re: Tu = 0.45% (- -),
Tu = 4% (red), Tu = 6% (green), Tu = 45% (blue)
The flight will be considered in low-turbulence (below 1 %) and in a range of low
Reynolds number (Re < 3 · 105), which means that CD will not diverge much from 0.5.
Finally, a clarification about the masses needs to be done. The balloon system mass
(mG) will be the addition of the balloon mass (mb), the payload mass (mp) and the balloon’s
ballast (mc):
mG = mb + mp + mc (3.7)
If then the lifting gas mass (mg) is added, the total mass of the system is obtained:
mt = mG + mg (3.8)
If at this point we consider the virtual mass (mvirt = CmρaVb; the value of Cm for a perfect
sphere is assumed to be 0.5), which is the mass of air dragged:
mv = mt + mvirt (3.9)
This is the mass that will be used in the equations of Newton’s second law:
mv
d2 ~xb
dt2
= ~Fx (3.10)
mv
d2 ~yb
dt2
= ~Fy (3.11)
mv
d2~zb
dt2
= ~F f l + ~Fz (3.12)
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3.1.2. Wind data: NOAA
The wind data is provided by the National Oceanic and Atmospheric Administration
(NOAA), which is a scientific company that analyzes atmospheric and oceanic conditions.
The information that NOAA gathers is available in its webpage for anyone interested.
From all the models that NOAA offers, the one that will be used in this project is the
Global Forecast System (GFS).
The GFS is a weather forecast model produced by the National Centers for Environ-
mental Prediction (NCEP). Many atmospheric variables are available through this dataset,
such as temperature, humidity and wind. The globe is gridded in a way that a resolution of
28 km is obtained, and the predictions extend to 16 days into the future, with a prediction
issued every 3 hours.
It is important to notice that the predictions vary from day to day, being the closer to
reality the prediction made just the day before. In order to see how the solution will be
affected by this factor, the simulator will be run with different predictions to compare the
results. Furthermore, as it was mentioned before in this document (section 3.1. Simula-
tor), the refinement of the existing code is focused mainly in automating the process of
collecting the forecast data: the polished code will download automatically the desired
file from the webpage (instead of having to do it manually).
3.1.3. Temperature equations
At this point, the formula that defines the volume of the balloon is:
Vb =
mg
Wg
RuTin
Pin
(3.13)
where the subscript "in" refers to inside, Wg is the molecular weight of the lifting gas
(helium in this case) and Ru = 8.314 J/molK. However, another assumption made in the
simulator was that the temperature inside is the same as in the outside. This simplification
will be corrected in this project, making use of the heat diffusion equation.
The reason why a balloon bursts when it reaches high altitudes is a decrease in the
thickness beyond the limit of the material, due to a radius increase and volume conserva-
tion. This variation in the radius occurs due to both adiabatic expansion and heat transfer
from the surrounding air into the balloon. Furthermore, this model will only account
for diffusion as the way to propagate the heat flux; it means that both eddy (turbulent)
diffusion and convection are not included since they do not play an important role.
The temperature distribution inside the balloon, which is assumed to be spherically
simmetrical, will be computed using the radial heat diffusion equation [4] [15]:
∂Tb
∂t
=
D¯
R2
1
r2
∂
∂r
(
r2
∂Tb
∂r
)
(3.14)
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where Tb (= Tin)1 is the temperature inside the balloon, R is the balloon effective radius,
t is time and r  [0, 1] is the non-dimensional radial coordinate.
The last parameter of Eq. 3.14 is the average of the mean molecular heat diffusion
coefficient:
D¯ =
κ¯
ρbc¯p
(3.15)
In this equation, ρb can be easily calculated using the ideal gases formula:
ρb =
mg
Vb
=
3mg
4piR3
, (3.16)
and κˆ and cˆp are the averaged thermal conductivity and specific heat capacity of the lifting
gas, respectively. Although both variables vary with temperature, the change in cp is
so small that it will be assumed to be constant with the value at 300K: cp300K = cˆp =
5192.6 J/kgK. For the case of the thermal conductivity:
TABLE 3.1. THERMAL CONDUCTIVITY OF HELIUM
Temperature [K] κ [W · m−1 · K−1]
100 0.0755
200 0.1193
300 0.1567
400 0.1906
500 0.2223
600 0.2525
Since the range of temperatures at which the balloon will be exposed goes from 200K
to 300K (approximately), it will be ok to assume a constant value for the thermal conduc-
tivity of: κˆ = 0.13 W/mK. This will imply that the heat diffusion coefficient will only
change because of the density (pressure and temperature).
The boundary conditions of Eq. 3.14 are: the temperature inside at the surface of the
balloon is equal to the temperature outside, Tb(r = 1) = Tout, and the heat flux at the
center of the balloon is zero due to symmetry, (∂Tb/∂r)r=0 = 0.
At this point, it is possible to simplify Eq. 3.14 because the expansion terms are
not considered; the simplification would be equivalent to consider the lifting gas as in-
compressible, which means that the balloon effective radius keeps constant while heat
diffusion occurs, as well as the heat diffusion coefficient. This restriction is valid for
small time intervals (0.3-1s), but it is also possible to make a correction accounting for
this simplification at the end of each time interval.
1Along this document, the temperature inside the balloon will be referred to as Tin and Tb.
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Fig. 3.3. Stages of the balloon effective radius variation from tn to tn+1. (a) Adiabatic
expansion. (b) Heat diffusion at constant pressure. (c) Correction
The best model to solve this problem includes several steps (this model was developed
for balloons in still air, so it could not be directly applied to our project unless the wind is
taken into account). The time step is denoted by ∆t and the increase in altitude by ∆z, and
they are related by: ∆z = vz∆t + O(∆t2). A single step of the model contains two parts:
1. The calculation of the balloon effective radius (R) and the temperature inside (Tb)
at time t + ∆t using the values at time t.
2. The calculation of the drag coefficient and the vertical velocity of the balloon at
time t + ∆t with the following formula:
vz =
√
8Rg
3cD
(
1 − 3mt
4piρaR3
)
(3.17)
As it can be seen in Figure 3.3, the computation of the balloon effective radius of part
1 is divided in three steps:
(a) Adiabatic expansion of the balloon from altitude z(tn) to z(tn+1).
(b) Heat diffusion inside the balloon at constant pressure.
(c) Correction to the balloon effective radius and temperature distribution.
In Figure 3.4 a more detailed diagram of the model is depicted:
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Fig. 3.4. Schematic of the model of the ascent of a balloon in still air
Nevertheless, the model developed for this project will not go through all the steps.
The most important reason is the computational cost. Moreover, as it has been mentioned
before, it would be necessary to include the fact that there is wind, so no still air assump-
tions can be done. Instead, the simulator will direcly implement the analytical solution of
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Eq. 3.14 with the boundary conditions previously imposed. This solution was computed
by Carslow and Jaeger [4]:
Tb(r, t) =
2
r
∞∑
n=1
(αn + βn(t)) e−D¯(pin/R
2)tsin(pinr) , (3.18)
where
αn =
∫ 1
0
rTb,0(r)sin(pinr)dr ,
βn(t) =
piD
R2
n(−1)n+1
∫ t
0
Tout(s)e−D¯(pin/R
2)sds ,
and Tb,0 is the initial temperature inside the balloon, which is assumed to be constant
along the radius and equal to the initial outside temperature: Tb,0 = Tout,0.
Note that this solution depends on the radius, but since there will be only one temper-
ature sensor inside the balloon, the characteristic radius chosen will be the one at which
the sensor is placed: Tb(r, t) ≈ Tb(r ' 0.9, t).
At this point, there is a missing equation for the evolution of the balloon effective
radius. This expression will be presented in the next section.
3.1.4. Material equations
So far, the simulator has included the evolution of the temperature inside the balloon,
but without any relation with the variation of the volume. Then it is mandatory to add
one equation regarding the increase in radius. Remember that if the steps of the model
proposed in the previous section are followed, the increase in radius is part of the solution
(see Figure 3.4, part 1, step (i)).
The material of the balloon is rubber, which is a hyperelastic material. For any elastic
balloon, the envelope exerts a restoring force inwards (∆p); it means that the pressure
inside will be a little greater than the pressure outside. The pressure equation is:
pout = pin − ∆p (3.19)
where pout will be only function of the altitude of the balloon and pin is given by the ideal
gases equation as a function of the temperature inside (Tin), the lifting gas (helium) gas
constant (Rg = 2080 J/kgK), the number of moles (n) and the current radius (r)2:
pin =
nRgTin
Vb
=
nRgTin
4pi
3 r
3
(3.20)
The value of n can be computed using the initial conditions.
2In comparison with the previous section, here the letter r denotes a magnitude with units: the current
radius of the balloon.
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Regarding the extra pressure due to the restoring force:
∆p = 2
h
r
σθ (3.21)
where h and r are the current thickness and radius, respectively, and σθ is the hoop stress.
Depending on the hyperelastic model chosen, the analytical expression of the hoop stress
is different. In this project, two models will be implemented in the simulator in order
to see which one is closer to the experimental results: Ogden model and Mooney-Rivlin
model.
Mooney-Rivlin model
∆p|MR = 2µh0r0
((r0
r
)
−
(r0
r
)7) (
1 +
1 − α
α
(r0
r
)2)
= 0 (3.22)
where the shear modulus µ and the parameter α have the typical values for normal rubber
[5]: µ = 300 kPa and α = 10/11.
Ogden model
∆p|Og = 2h0r0
N∑
p=1
µp
( rr0
)αp−3
−
(
r
r0
)−2αp−3 (3.23)
The values of the Ogden parameters are obtained experimentally for each type of
material. In the case of normal rubber (and with N = 3) [12]:
TABLE 3.2. OGDEN PARAMETERS
p αp µp [kPa]
1 1.3 630
2 5.0 1.2
3 -2.0 -10
The initial radius and thickness of the balloon’s envelope are approximately 0.9 m and
0.1 mm, respectively. Accordring to the balloon supplier, the burst radius is r f ' 2.85 m.
Knowing this information, the procedure will be to implement together the temperature
and material evolution into the simulator and stop when the radius gets the value at burst.
3.2. Experimental procedure
The second part of the project is devoted to validate the model by launching a bal-
loon. In general terms, the system will include: the balloon’s envelope, the payload, two
antennas (one in the payload to transmit the data, and the other on ground to recieve),
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several sensors connected to two Arduinos UNO, three cameras, a radio transmitter, the
parachute and a GPS tracker.
The experimental part is divided in several stages:
1. The first step is to buy all the components needed and understand how the whole
system will work.
2. Develop the codes in Arduino that will allow the processing of the data acquired by
the sensors, and connect the circuits.
3. Build the antenna of the payload.
4. Check that everything works by performing tests.
5. Assembly of all components.
6. Launch the balloon.
7. Analyze the data and compare it with the predictions of the simulator.
3.2.1. Components
In this section, all the parts that are not connected to Arduinos are described.3
Balloon’s envelope
It is the most important part of the experiment, since it provides the vertical force that
allows the system to rise up to the desirable height.
The target altitude of the project is about 30 km (which in fact is the maximum altitude
that NOAA provides information about), and the estimated mass of the payload is 2 kg.
These two factors lead to a lot of configurations with different materials and weight, but
the final option was:
• The material chosen is natural rubber latex, mainly due to the availability of proper-
ties and previous researches and experiments, which facilitates the implementation
in the simulator.
• The shape of the balloon is spherical, because it is the easiest and cheapest to pur-
chase, as well as because of the simplifications that implies in the simulator.
• The mass of the balloon’s envelope is 600 g, mostly because of the cost. In fact, it
is close to the lowest balloon’s envelope mass that allows us to perform the mission
intended.
3In the sections 3.2.1 and 3.2.2, parts that are not connected to Arduino are referred to as Components,
and the parts connected to Arduino, Electronics.
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Fig. 3.5. Balloon’s enve-
lope
Payload box
The payload box is made of polystyrene and its exterior has been painted in bright
orange to make it more visible. Its external dimensions are: 22 cm x 22 cm x 19 cm, with
a constant thickness of 3 cm. It will contain the electronics and some of the components.
Moreover, the payload antenna is placed on its base.
Fig. 3.6. Payload
HD cameras
In order to record the flight, a set of three HD cameras is included: two of them are
placed in different lateral faces of the payload, and the remaining one on the top, in charge
of recording the burst of the balloon. The type of camera chosen was in terms of the cost
and resistance to low temperatures.
Fig. 3.7. Cameras
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GPS tracker
This device has two functions:
1. The first and most important one is to help in finding the location of the system
once it has returned from the flight. The module must be equiped with a SIM card
so that when calling to the number assigned to the card, the device will send back a
message with its exact location.
2. The second function is to work as an alternative system able to transmit the position
during the flight, in case that the principal system, based on radio communication
and two antennas, fails.
Fig. 3.8. GPS tracker
Power supply
The systems will be fed by industrial range batteries (able to work from -40 to 85 oC),
which are mounted on: a battery module that is connected via pins to the Arduinos (two
units), and a power bank that is connected via USB to the cameras (three units).
Parachute
It is included in order to avoid the free fall of the system. The parachute by itself has
a device that isolates the payload from the torsional moment generated by the parachute
and viceversa; however, in case of failure, a carabiner will be included.
Fig. 3.9. Parachute
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Lifting gas
Due to its low cost and easy purchase, helium has been chosen as the lifting gas.
Ground antenna
It will receive the encoded data (position of the system) sent by the payload antenna;
afterwards, the data will be decoded through an external software. This method will be
the main continuous tracking system for the balloon. The chosen model was the Arrow II
Satellite Antenna, which is able to receive VHF and UHF.
Fig. 3.10. Ground antenna
Others
Ropes and belts that join the balloon’s envelope, the payload and the parachute.
3.2.2. Electronics
In this section, all the parts that are connected to the Arduinos are described.
Data processing unit
The data processing unit is a key part of the system since it will allow to process the
data acquired by the sensors. The chosen unit was Arduino UNO R3 [16] due to the low
cost and simplicity with respect to other units, as well as its industrial range. The system
will be composed by two Arduinos, each of them in charge of different tasks:
• Recieve and store the GPS data and send it via radio communication through the
payload antenna.
• Store the attitude of the payload and the temperature in three different places.
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Fig. 3.11. Arduino UNO
GPS unit
The chosen unit was the Adafruit GPS Logger Shield [17], which already includes a
SD card reader. The GPS will recieve the position and altitude of the balloon and store it
in the SD card.
Fig. 3.12. GPS unit
Inertial measurement unit
Although this project is not focused on the attitude of the payload, it is an interesting
data to have for future projects that will be able to control the attitude by using an inertia
wheel. The IMU chosen was Pololu MinIMU-9 v5 [18], which is a bit more expensive
than other units but is compensated with auto-calibration and higher precission.
Fig. 3.13. MinIMU-9 v5
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Temperature sensors
The model chosen was the DHT22, which has good performance at low temperatures.
As it has been mentioned before in the document, the system will include three temper-
ature sensors: one placed outside, one inside the payload and the remaining one inside
the balloon. This last one is the most important sensor, together with the GPS: the data
acquired by them is essential in order to validate the simulator.
Fig. 3.14. Temperature sen-
sors
Payload antenna
It has been made manually using coaxial cable and single core wire, following the
instructions of the webpage: ukhas.org.uk. The result is a 1/4 wave antenna with omnidi-
rectional radiation pattern that allows to emit equal radio power in the direcion of all the
receivers.
Fig. 3.15. Payload antenna
Radio transmitter
The unit chosen was the NTX2B, which emits at 434.650 MHz (ultra-high frequency).
It will be connected to the Arduino with the GPS shield and to the payload antenna, so
that the GPS data acquired is coded and sent.
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Fig. 3.16. Radio transmitter
SD card reader
Although the GPS unit includes it by itself, it is strictly necessary to store the data
processed by the other Arduino, acquired from the temperature sensors, so a SD card
reader must be added.
Fig. 3.17. SD card reader
Buzzer
The last electronic part is a buzzer that will emit loud sounds every few seconds when
the balloon has crossed 1500 m of altitude during the fall; this will help in the recovery of
the system.
Fig. 3.18. Buzzer
3.2.3. Schematic of Arduino
Once all the components and electronics have been defined, the next step is to assembly
them to the two Arduinos. In this section the scheme of how the connections look like is
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going to be shown.
Fig. 3.19. Scheme of the first Arduino
Figure 3.19 displays the scheme of the first Arduino, which includes: IMU, tempera-
ture sensors and SD card reader.
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Fig. 3.20. Scheme of the second Arduino
Figure 3.20 shows the scheme of the second Arduino, which includes: GPS, radio
transmitter (also connected to the payload antenna) and buzzer.
Note that some components do not coincide with the model bought. The reason is
because the program used to make the schemes does not include all the existent electronic
components, so a similar one has been used instead. Also, the wiring of both Arduinos
was adapted for the components location within the payload enclosure.
3.2.4. Tests
The next and final step prior launch is to verify that everything works, separately and
as a whole system. This section is devoted to all the tests performed.
1. Arduino electronics:
a) Validation of all the components separately (temperature sensors, IMU, GPS,
buzzer, etc).
b) Validation of both Arduinos fully connected.
c) Refrigerator test to the whole electronic system (in order to ensure that every-
thing works at low temperatures).
2. Communication of the two antennas at long distances.
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3. Validation of the parachute.
4. Validation of the GPS tracker.
5. Freezing test to the cameras.
6. Computation of the free-lift; this test is done during the launch, in order to know
how much helium is going to be used.
System validation test
In order to validate properly the whole system, an additional test has been performed.
It consists on one person receiving data with the gound antenna in a stationary position,
and another person carrying the payload around the campus. The idea is to check the
precission of the GPS together with the radio communication system.
Fig. 3.21. Validation of GPS and commu-
nication system
It can be observed in Figure 3.21 that there are some positions, in orange, that are at an
approximate distance of 500 m from the other points. It is due to the necessity of the GPS
to fix correctly: it has a transition phase when it is connnected (2 minutes of duration,
approximately) in which the measurements are not precise. In fact, the orange positions
corresponds to the first data acquired (and sent). The blue positions have an error of about
10 m, which is an acceptable margin.
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4. RESULTS
Once the balloon has been launched and the data obtained has been processed, the
comparison between the simulator and reality can be done. Due to issues with the exper-
iment, the launch was delayed (from 30th of May to 25th of June) and since the reliable
wind data from NOAA is available several days after the day of the prediction, the results
will be shown in the presentation.
However, thanks to a collaboration with Mexico University, it is possible to show
some results from their launch so that the improvement of the simulator can be noticed.
4.1. Displacement in the horizontal plane
The experimental data corresponds to the results of a launch performed in Mexico
(León), the 21st of April. Regarding the simulator, the "new" one refers to the simulator
with the temperature and material evolution implemented, while the "old" one is without
them.
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Fig. 4.1. Projection in the horizontal plane of the trajectory
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Fig. 4.2. Burst point zoom of the horizontal plane trajectory
As it can be observed in Figure 4.1, the addition of the temperature and material
equations into the simulator makes it closer to reality, passing from 85.5 km to 11.5 km
(approximately) of distance between the predicted and the real burst point.
Although the improvement is huge, the simulator still needs to be more precise. There
are two factors that make the experimental results differ from the simulation:
• The first one is external to the simulator itself: the uncertainty of wind cannot be
removed, so the data supplied might not be accurate enough. The only way to
ensure that this data reduces the uncertainty is by redundancy, using another data
supplier and comparing both.
• The assumptions about some parameters and the material models developed in the
simulator are not good enough: they make the computational cost lower, but also
reduce the approach to reality.
Regarding the comparison between simulators, it makes sense that the addition of both
the temperature inside and the radius increase of the balloon improve the results. If the
temperature inside is assumed to be equal to the external one, the resultant radius will be
smaller, which means a lower balloon’s envelope area. Since the drag force is directly
proportional to the area, a smaller radius will imply less opposing force to the motion of
the balloon, and thus a longer trajectory.
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4.2. Altitude evolution
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Fig. 4.3. Altitude evolution
In Figure 4.3 it can be seen again the improvement of the simulator: the difference of
time required to reach the burst alttitude between the simulator and the experimental data
passes from 2.5 h to 50 min, approximately.
As in the previous section, the assumption of the temperature makes the old simulator
predict a smaller expansion, which explains why the balloon reaches the burst altitude
sooner in both the experiment and the new simulator.
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4.3. Comparison between material models
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Fig. 4.4. Material model comparison - xy plane
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Fig. 4.5. Material model comparison - altitude
In the first graph, Figure 4.4, it can be observed that Mooney-Rivlin and Ogden models
are very similar during most of the trajectory. However, since according to the Ogden
model the balloon ascends slower (Figure 4.5), the shift from eastwards to westwards
occurs later; thus the burst point is different. The distance from the real burst point to
the simulated using Ogden model is around 15 km. Taking into account that this value
is 11.5 km for Mooney-Rivlin model, it can be thought that Mooney-Rivlin is better (in
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this experiment) than Ogden. However, when comparing the direction change with the
experimental data, Ogden model seems to be more precise; the problem comes from the
burst altitude calculation. If now Figure 4.5 is analyzed, the burst altitude according to
Ogden model is about 22 km while in both Mooney-Rivlin model and the experimental
data, this altitude is 31 km approximately. So regarding the trajectory in the horizontal
plane, Ogden model is better, but regarding the burst altitude, Mooney-Rivlin model is
closer to reality.
In terms of the computational cost, Mooney-Rivlin model can be solved as a high-
order polynomial, while Ogden model needs a non-linear equation solver (remember that
both of them are coupled with Eq. 3.18). This makes Mooney-Rivlin model more com-
putational cost effective, so it would be the preferred option for future simulations.
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5. IMPROVEMENTS OF THE PROJECT
The improvements of the project can be divided in three groups: those regarding the
experiment, those regarding the simulator and those involving both parts.
Regarding the experiment, it is very important to optimize the system, since higher
quality is direclty related with a better performace, meaning less probability of failure
and more complex systems. The possible improvements of the experiment for future
launches are described next:
• The first improvement is related with the processing unit. Even though the price,
robustness and simplicity of Arduino make it ideal for this project, as the miss-
sions become more complex, the need for a more sophisticated system begins to be
important. A good substitute would be Raspberry Pi.
• Although a balloon’s envelope of 600 g is cheaper than bigger ones and it was
enough to perform the experiment, it limited the ascent velocity for the mass of the
payload required. Thus, a nice change would be to use a bigger balloon: it will not
only allow to perform the flight in less time (due to higher vertical velocity), but
also to reach higher altitudes. Also, if a totally functional super-pressure balloon
system is intended to be developed, the shape of the balloon’s envelope would need
to be different (from spherical shape to natural-shape).
• Another important issue was the mass of the payload; approximately 80% came
from the batteries: four for each Arduino plus four for each camera, which makes
a total of 20 batteries. The decrease in the amount of batteries used would imply
the possibility to add more devices such as a wheel of inertia which is able to rotate
the payload through remote control from the ground. One possibility is to substitute
the industrial batteries by solar panels since the mission is intended to be performed
during daytime. Furthermore, depending on the purpose of the mission, some cam-
eras can be removed: for instance, if the aim is related with surveillance, the camera
in the top can be taken away.
Regarding the simulator, if the final purpose is to make a fully functional balloon-
based system (e.g. for the applications mentioned in the section of Future applications),
a more precise model will be required. The first improvements that the simulator should
include are specified next:
• One of the first assumptions of the model was related with the non-dimensional
coefficients CY and CD. In the case of CY , it was assumed to be zero because of the
spherical shape of the balloon, which can be further assumed as long as the type of
balloon remains unchanged. But for CD, as it has been seen in Figure 3.2, it has a
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strong dependency on the Reynolds number and the turbulence of the air. If larger
balloons and/or higher ascent velocities are the natural evolution of this project,
then it will be mandatory to take into account how the drag coefficient varies.
• Regarding the temperature inside the balloon, since there was only one temperature
sensor, the Eq. 3.18 was computed for r = 0.9, and this result was the one used to
calculate the volume enclosed by the balloon (Eq. 3.13). The next step in the simu-
lator is to take into account the whole temperature distribution in order to compute
the volume more accurately.
• In order to have a relation between the temperature inside and the radius of the
balloon, two models were developed: Mooney-Rivlin and Ogden. All the models
are based on experiments, and the coefficients used correspond to normal rubber, so
in order to have more precise results, the parameters should be taken for the exact
same material as the balloon’s envelope. Furthermore, it would be interesting to
explore more models, such as Gent, Yeoh or Arruda-Boyce.
• Although NOAA provides average wind predictions, based on probability to occur,
it can fail in a given day or altitude. In order to be sure that the prediction is
correct, an additional wind data supplier is intended to be consulted; in this way,
by redundancy, the probability of a wrong wind prediction will decrease drastically.
Moreover, sometimes, the webpage of NOAA stops giving free access to its data
during a couple of days, so the idea of redundancy becomes more important.
• Once a reliable simulator of the ascent of a balloon has been developed, the next
step is to model the falling. In this way, the prediction (and also optimization) of
the whole trajectory of the balloon, from the launch to the landing point, could be
done.
Finally, there are two issues that would imply the improvement of both the experiment
and the simulator: control system and super-pressure.
5.1. Control system
It is one of the most important improvements since it will allow to fly the balloon
at the desired altitude. Although the lateral control is also an interesting issue, it will be
assumed to be performed in the same way that Project Loon works: knowing the direction
and velocity of the wind in the different layers of the stratosphere, the relevant task is to
put the balloon in the correct altitude.
The most used altitude control systems are based on a high pressure gas chamber that
is able to inject or extract gas inside the balloon. In this system, two valves are required
in order to control the gas flow, which means that the mass of the gas will vary depending
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on these two valves:
dmgg
dt
= −ρg(e1 + e2) , (5.1)
where
e1 = c1A1
√
2∆p1
ρg
(5.2)
e2 = c2A2
√
2∆p2
ρg
(5.3)
In these equations, subscript 1 refers to the venting valve while subscript 2 is related to
the exhaust valve. The term e is the volumetric rate, A is the cross-sectional area and c
is the flow rate constant, that is computed by multiplying the flow contraction coefficient
and the rate coefficient of the valve.
Another popular technique to increase the altitude of the balloon consists in a ballast
system: whenever the balloon needs to go to a higher layer, some mass is dropped. There
are two problems with this system: the mass dropped cannot be reincorporated, so the
ballast system can only be used to go in one direction (ascend, never descend); the other
problem is related with the precission of the system.
The equation that the model should incorporate in order to take into account a ballast
system is similar to the equations of the valves, but in this case all the balloon system
mass varies:
dmc
dt
= −e3 , (5.4)
where e3 refers to the mass dropp rate of the ballast.
5.2. Super-pressure
A super-pressure balloon is a non-extensible envelope that is able to withstand differen-
tials in pressure (as it was mentioned in the section Material equations of the Methodol-
ogy, pressure inside is higher than outside), taking into account the night cycle. Moreover,
this type of balloon does not need a ballast system to maintain the altitude.
The key factor of super-pressure balloons is the material: it has to be high pressure
resistant and light enough. Combining these two characteristics is extremely difficult, and
since the beginning of modern ballooning it has been a subject of research. The way of
developing a successful super-pressure balloon is divided in two aspects:
• The first one is by simply using a material with the properties mentioned in the
previous paragraph. The materials that present the best performance are: saran-
polyethylene laminate, mylar-polyethylene laminate and polyethylene impregnated
fiberglass.
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• The second aspect is related to the shape of the balloon, being the natural-shaped
the best choice. Natural balloon shape is a rotationally symmetrical body made
only of film; this shape increases the resistance to pressure of the envelope, which
makes it ideal to super-pressure balloons.
Fig. 5.1. Natural-shape balloon
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6. CONCLUSIONS
During this project the relevance of balloons in several fields, such as meteorology, has
been shown: the low cost of a launch compared with other systems makes high-altitude
balloons a nice choice in order to simulate near-space conditions; at lower altitudes, the
floating capability in addition to long flying times make balloons the perfect system for
surveillance.
Most of applications of weather balloons are based on a super-pressure system and/or
include altitude control. Both of them are the next step of this project: once the simulator
is able to predict with minimum error the trajectory of a balloon, first an altitude control
will be added, and then, if possible, the super-pressure.
Taking into account the importance of balloons, it is crucial to be able to simulate
properly the flying path that a balloon is going to perform prior its launch. Although the
assumption regarding the temperatures (Tin = Tout) simplifies substantially the simulator,
it is not a good hypothesis because in rubber balloons, the difference expected is of the
order of tenths of Kelvin. Thus, the addition of the temperature model is essential for the
simulator.
Regarding the material evolution, two models have been developed: Mooney-Rivlin
and Ogden. Both of them are based on experimental results, so they contain some param-
eters that are characteristic for each material. It is necessary to ensure that the material of
the balloon’s envelope is exactly the same as the experimental procedure that determines
those parameters.
Finally, the uncertainty of the wind predictions cannot be avoided. The lack of an
additional wind data supplier can make the results differ from reality, even though the
simulator implements the physical laws governing the system accurately enough.
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